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Introduction 67
Paradoxical sleep (PS) is characterized by muscle atonia, rapid eye movements 68 (REM) and cortical and hippocampal activation (Jouvet and Michel, 1959) been shown that part of the neurons located in the somatosensory and prefrontal 77 cortices synchronize their firing with theta and gamma during PS . 78
On the other hand, we recently showed that the anterior cingulate (ACA), 79
retrosplenial (RSC) and medial entorhinal cortices as well as the dentate gyrus of the 80 HPC contain a large number of Fos-labeled neurons after PS hypersomnia 81 (Renouard et al., 2015) . These results suggest that these four limbic cortical 82 structures are the only cortical structures containing a large number of neurons 83 specifically activated during PS. However, a direct electrophysiological demonstration 84 that neurons of these structures are highly active specifically during basal PS 85 episodes was still lacking. Further, the relationship between the pattern of discharge 86 of these neurons with that of hippocampal and local oscillations remained to be 87 determined. In this context, we extracellularly recorded action potentials and LFPs 88 from two of these neocortical areas (RSC and ACA) during naturally occurring sleep-89 wake states and correlated firing activities with hippocampal theta activity. 90
91
Materials and Methods 92
Animals 93
Male Sprague-Dawley rats (3 -4 months-old, 250-300g, n=12, RRID:RGD_5508397) 94
were supplied by Javier Labs and Charles River's Laboratories and upon arrival, 95 individually housed in controlled environment (temperature 21±1°C and humidity at 96 75%) under a 12 hour light-dark cycle (lights on 07:00 am). Standard rodent food and 97 water were available ad libitum throughout the experiments. Experimental protocols 98
were approved by the institutional animal care and use committee of the University of 99 were placed in the nuchal muscles for recording the EMG. An additional screw was 117 placed over the cerebellum and served as a common reference for all electrodes. 118
Arrays were fixed to the skull with acrylic cement using extra screws as anchors. In 119 some animals (6 out of 12), RSC arrays were fixed to a nanodrive (Cambridge 120 Neurotech ® ), allowing dorso-ventral movements. After surgery, rats received a non-121 steroidal anti-inflammatory drug (5mg/kg of carprofen, i.p.) and antibiotics to 122 attenuate pain and reduce infection. The animals were allowed to recover at least 7 123 days after surgery, with constant monitoring of the general behavior and body weight 124 to monitor their health. 125
126
Electrophysiological recordings 127
After the recovery period, the animals were handled for 3 days before the beginning 128 of the experiments to habituate them to the recording chamber. After 7-10 days, they 129 were briefly anesthetized with isoflurane and connected to the recording system. The 130 recordings began after a 1-2 h interval to allow the wash out of the anesthetics. 131
Power spectrum analyses were compared for all states during the first and the last 132 hours of recordings to verify that there was no residual effect of the anesthetic on 133 EEG and LFP activities. The headstage was connected to a shielded cable attached 134 to a motorized swivel to allow free movement of the animal within the recording 135 chamber. Continuous electrophysiological recordings were made throughout the 136 experiment. We focused the analysis on the period between 10 am and 6 pm. 137
Electrophysiological recordings were performed using a multichannel acquisition 138 processor (MAP System, Plexon Inc, USA). Signals were pre-amplified (VLSI 
Data Analysis 145
All LFP and spike data were analyzed using customized scripts running in Matlab 146 (Mathworks, USA, RRID:SCR_001622). Five seconds windows of synchronous LFP, 147
ECoG and EMG data were used to score vigilance states into 5 different states: 148 active wake (aWK), quiet wake (qWk), slow wave sleep (SWS), intermediate sleep 149
(intS) and paradoxical sleep (PS), according to classical criteria (Maloney et al., 150 1997; Boissard et al., 2002) . Active wake state was differentiated from quiet wake by 151 the presence of theta oscillation and movements (i.e., large amplitude, non-stationary 152 EMG). Ambulation and exploration of the cage were observed during active but not 153 during quiet wake. To remove from active wake sampling, microarousals occurring in 154 between SWS or in between PS and SWS episodes, we included in our analysis only 155 aWK episodes lasting at least 15 s. The same criterion was applied to SWS and PS 156 episodes to exclude transitional periods. Channels containing putative waveforms 157 identified online were manually processed offline for spike waveform separation and 158 classification, when appropriate, using Offline Sorter v3 (Plexon, USA, 159 RRID:SCR_000012). Spike waveform parameters, such as trough-to-peak latency 160 and peak asymmetry index were used to classify narrow and wide spikes (Sirota et 161 al., 2008) . Only units recorded in channels located within the target structure and with 162 stable waveforms across the entire recording session were considered for further 163 analysis (Fig. 4D) obtained using the Hilbert transform. We used 18 phase equal bins ranging from -π 219 to π radians to project the distribution of mean amplitudes per bin. Unit firing 220 modulation by brain oscillations was calculated with the same protocol as for phase-221 amplitude coupling, but using the distribution of the firing probability across slow-222 oscillation phases instead of the fast-oscillation amplitude (Fig. 5B) . 223
224
Histology 225
At the end of the recordings, rats were overdosed with pentobarbital (100 mg/kg, i.p.) 226 and transcardially perfused through the left ventricle with ringer lactate, followed by 227 4% paraformaldehyde solution. Brains were removed and stored successively in 4% 228 paraformaldehyde and 30% sucrose both for at least 24h, then frozen, and sectioned 229 in a cryostat (Micron). The final positions of the electrode tips were determined based 230 on a rat atlas (Paxinos and Watson, 1997) after examination of frontal sections 231 counterstained with Neutral Red (Fig. 1A) . 232
233
Statistical analysis 234
Sleep data, LFPs and unit data were analyzed using one-way analysis of variance 235 (ANOVA). Post-hoc analyses were conducted using paired and unpaired t-tests. 236
Pearson's correlation coefficient (R) was used to determine the linear dependency 237 between two variables. Significance was set at 5% and Bonferroni correction was 238 applied when multiple comparisons were made. Data are reported as mean ± 239 standard error of the mean (SEM). 240
241
Results
242
Localization of the electrodes in the RSC and ACA 243
The position of the electrodes was verified on coronal sections (Fig. 1A) . In the RSC, 244 electrodes were localized in the agranular and granular subdivisions, mostly around -245 5.4 mm from Bregma. In ACA, electrodes were located mostly at +1.6 mm anterior to 246 Bregma (Fig. 1A) . In HPC, electrodes were distributed over CA1, CA3 and the DG. 247
Analyses were made specifically from the electrodes localized in dorsal CA1. All 248 electrodes were positioned in regions in which Fos-positive neurons were previously 249 observed (Renouard et al., 2015) . 250
251
Analysis of the LFPs in the HPC, RSC and ACA 252
Recording sessions (n = 23) from all animals (N = 12) were analyzed during 4 or 8 h 253 between 10 am and 6 pm (total: 147 h of recording; average 6.39 ± 0.49 h/session). 254
Sleep architecture is summarized in Table 1 . During aWK (Fig. 1B, left) , in contrast to 255 qWK (not illustrated), phasic movements and HPC theta oscillation (Fig 1B,C ,E,F) 256 were observed. Theta/delta ratio and EMG power were indeed significantly higher 257 during aWK than during qWK (theta/delta ratio: 2.38 ± 0.62 versus 1.73 ± 0.35; 258 p<0.05 and EMG-RMS: 0.068 ± 0.009 versus 0.038 ± 0.007 μV 2 ; p<0.001, for aWK 259 and qWK, respectively). During SWS (NREM sleep), the EEG and LFPs showed 260 mostly delta waves (0.5 -4 Hz) and reduced muscle tone (Fig. 1B, middle) . Finally, 261 during PS (aka, REM sleep), the ECoG and LFPs showed low-voltage fast activity 262 associated with sustained occurrence of theta oscillation and the complete absence 263 of muscle tone (Fig. 1B, right) . 264
LFPs in HPC, RSC and ACA showed the same global pattern as the ECoG, during 265 SWS (Fig. 1C) . Indeed, quantitative analysis showed that delta (0.5 -4 Hz) and theta 266 (4 -12 Hz) power were not different between structures during SWS (Fig. 1D,E) . In 267 contrast, relative theta power was very high during PS both in HPC and RSC 268 whereas it was much lower in ACA (Fig. 1C) . Quantitative analysis of theta power 269 confirmed that it was significantly increased during PS compared to SWS and aWK in 270 HPC and the RSC but not in ACA (Fig. 1E,F) . Theta peak frequency in HPC was also 271 significantly higher during PS (6.80 ± 0.09 Hz) than during aWK (6.4 ± 0.11 Hz; 272
p<0.02, paired t-test). 273 274
Cross-correlation and Granger causality between HPC, RSC and ACA 275
We computed cross-correlations between pairs of raw LFPs recorded in HPC, RSC 276 and ACA during all vigilance states ( Fig. 2A) . HPC and RSC showed a strong 277 synchronization in the theta range during PS and to a minor extent during aWK (Fig.  278 2A, middle). The cross-correlation also revealed the existence of a lower 279 synchronization between ACA and RSC during PS and aWK ( Fig. 2A, right) , and an 280 even weaker correlation between HPC and ACA ( Fig. 2A, left) . During SWS, 281 correlations also observed although no oscillatory pattern emerged. For all pairs, the 282 lag was close to 0. It was not statistically different between PS and aWK (PS and 283 aWK: HPC-RSC: -3.92 ± 3.12 ms versus 1.33 ± 6.37 ms, HPC-ACA: 9.17 ± 9.17 ms 284 versus -15.17 ± 18.64 ms, ACA-RSC: 5.67 ± 19.6 ms versus -4.67 ± 3.83 ms). 285
Averaged cross-correlations including all animals at zero-lag showed significantly 286 increased theta synchronization between HPC and RSC during PS in comparison to 287 aWK and SWS (Fig. 2B ). Other pairs of structures did not show significantly different 288 cross-correlations between behavioral states (Fig. 2B ). 289
We then tested whether the increased synchrony between the HPC and the RSC 290 during PS resulted from enhanced strength and information flow from HPC to RSC or 291 the other way around. We observed significant (p<0.001, in comparison to shuffled 292 data) Granger causality values within the theta range during both aWK and PS states 293 and fast gamma (100-160 Hz) (Fig. 3A) . Quantitative analysis of the two frequency 306 bands was made during each vigilance state for HPC, RSC and ACA (Fig. 3B) . No 307 significant difference in the power of the two gamma bands was observed between 308 states in the HPC, excepting between qWk and aWK (not illustrated). Gamma power 309 in the RSC was significantly higher during PS and aWK in comparison to SWS and 310 qWk (not illustrated). No significant difference was observed in the RSC for fast 311 gamma between states although it showed the same trend than gamma (Fig. 3B) . In 312 ACA, gamma and fast gamma power was not significantly different between vigilance 313 states excepting for fast gamma between aWK and PS (Fig. 3B) . Finally, power 314 spectrum analysis showed that frequencies above 160 Hz were higher in all 315 structures during aWK in comparison to PS (Fig. 3B) . 316
Interestingly, an increase in fast gamma power centered on 131 Hz was clearly 317 visible during PS compared to aWK in the power spectrum of the RSC but not in that 318 of the HPC and ACA (arrow in Fig. 3B ). Further, raw and filtered traces suggested 319 that fast gamma activities in RSC and HPC were specifically coupled with HPC theta 320 during PS (Fig. 3A) . We therefore further quantified the coupling between HPC theta 321 phase and HPC and RSC fast oscillations amplitude during the two theta rich states 322 (PS and aWK) in all structures ( Figure 3C, D) . We found that coupling specifically 323 occurred between gamma (centered at 86 ± 7 Hz), fast gamma (centered at 131 ± 3 324 Hz) amplitudes and theta (centered at 6.7 ± 0.1 Hz) phase during PS but not during 325 qWK, aWK and SWS both in HPC and RSC (Fig. 3C) . The coupling was similar when 326 calculating it between RSC theta phase and RSC fast oscillations both during PS and 327 aWK (Fig. 3 E) . Such coupling did not occur in ACA for any of the vigilance states 328 (Fig. 3C, D) . Vigilance states with weak theta power (qWK and SWS) also lacked 329 phase-amplitude coupling in the frequency bands studied (not illustrated). The 330 strength of the coupling, as measured by the modulation index (MI), was higher for 331 the fast gamma than for gamma (Fig. 3D) . The increase in co-modulation occurred 332 near the peak of the theta phase in the HPC (Fig. 3F top) and just after the peak 333 (60°) in the RSC (Fig 3F bottom) . 334
335
Units firing in the ACA and RSC during each vigilance state 336
All electrodes displaying units were localized in the ACA and RSC based on the 337 analysis of their positions in coronal sections (Fig. 1A) . Strict criteria were used to 338 isolate the units from background activity such as a signal to noise ratio superior to 339 100 (RSC: 250 ± 14, N = 35, from 12 rats and ACA: 276 ± 17, N = 23; from 6 rats) 340 and peak to valley amplitude higher than 60 μV (RSC: 113 ± 7 and ACA 136 ± 13 μV). 341
A hyperplane was used to separate two clusters of waveforms (narrow and wide 342 spikes) in the scatter diagram of the trough-to-peak latency and spike peak 343 asymmetry (Fig. 4C) . It has been suggested that repolarization of inhibitory neurons 344 is faster than excitatory ones and the latency between the trough and the following 345 peak could be used in extracellularly recorded units to classify them in two 346 physiologically relevant entities . This approach revealed that 18 347 out of 35 and 8 out of 23 units from the RSC and ACA, respectively, could be 348 classified as putative inhibitory neurons (i.e., narrow spikes, Fig. 4C ). To control for 349 spikes waveform variability across time, we also compared their morphology and 350 amplitude during the entire duration of the recording and found no significant 351 difference (Fig. 4D) . In addition, interspike intervals (ISI) histograms were used to 352 guarantee that absolute refractory period was always preserved ( RSC units showed a wide distribution in terms of averaged discharge rate, ranging 357 from 0.06 Hz to 21.5 Hz (Fig. 4F) . Thus, we normalized their averaged firing to 358 compare their activity across states ( Figure 4G ). The normalized firing rate of all 359 individual units was significantly higher during PS (124 ± 7 %) and aWK (114 ± 5 %) 360 compared to SWS (78 ± 3 %) (Fig. 4H) . To determine whether neurons in a given 361 structure all display the same pattern of activity with regards to the vigilance state, we 362 further examined them individually. We found out that 24 of the 35 recorded RSC 363 units (68.4%) showed a significantly higher firing during PS than during any other 364 states. For clarity, these units will be referred as PS+ units (Fig. 4H, Table 2 ). The 365 spike waveforms of one representative PS+ unit is shown in Fig. 4A . Among the PS+ 366 units, 14 were of PIN and 10 of PEN types. In addition, 10 RSC units (28.6%) 367 showed a significantly higher activity during aWK than during the two other states 368 and were thus classified as aWK+. Four of these units were PIN and 6 were PEN. 369
Only one single unit was significantly more active during SWS than during the other 370 states (Table 2) sharp peak between 2 -10 milliseconds, specifically during SWS, suggesting that 375
they display bursts during this state (not illustrated). 376
We recorded 23 units in the ACA (6 rats) during all vigilance states. As for RSC, 377 these units showed a wide distribution in term of discharge rate, ranging from 0.3 Hz 378 to 28.5 Hz (Fig. 4F) . The normalized firing rate of these neurons was significantly 379 higher during aWK (117 ± 7 %) than SWS (91 ± 4 %) but not to PS. No difference 380 was observed between SWS and PS (112 ± 8 %). We then classified individually the 381 units based on their firing during each vigilance state. Ten of the ACA units (43.4 %, 382 Table 2 ) showed a higher activity during PS than during the two other states (PS+ 383 units). Four of these units were PIN and 6 were PEN. The increased activity of a 384 representative PS+ unit during PS compared to the other states is illustrated in Fig.  385 
4E. Eight units (35%) showed a significantly higher activity during aWK than during 386
the two other states (aWK+ units, Table 2 ). One unit was PIN and 7 were PEN. As 387 observed for RSC, the PS+ and AWk+ ACA units also did not show a positive 388 correlation with the EMG RMS during aWK (PS+: R = 0.21 ± 0.05 and aWK+: R = 389 0.20 ± 0.05; p>0.05, Pearson's correlation). In addition, none of the ACA units 390 showed a bimodal distribution in the interspike interval histogram during any states 391 suggesting that they do not discharge in bursts (not illustrated). Finally, 5 ACA units 392 (21.7 %) discharge more during SWS than during the two other states (Table 2) . 393
We next investigated whether RSC and ACA cortical units showed ON and OFF 394 periods of activity in 6 animals (Fig. 5) . OFF periods were defined when all recorded 395 neurons (irrespective of their location in the cortex) were silent for at least 50 ms, as 396 described previously (Vyazovskiy et al., 2009 ). OFF periods mostly occurred during 397 SWS (Fig. 5A, D) and lasted significantly longer in comparison to those occurring 398 during aWK and PS (Fig. 5E) . The onset of the OFF periods during SWS occurred in 399 phase with the delta waves (Fig 5B) . Interestingly, the duration of the OFF period 400 was positively linked with the amplitude of the delta waves (Fig. 5C) . 401
402
Phase locking of unit firing with theta 403
We determined whether ACA and RSC unit activity during aWK and PS showed any 404 relation with hippocampal rhythms by analyzing the phase locking of RSC and ACA 405 units to theta oscillation. Raster plot and raw and filtered LFP traces showing the 406 firing of a representative unit and the theta wave during PS suggested that it is 407 discharging more just after the peak of the theta wave (Fig. 6A) . The firing probability 408 distribution of this unit in relation to the theta phase clearly reveals a non-uniform 409 distribution both during aWK and PS (Fig. 6B) . The maximum rate is observed 60º 410 after the theta peak while the minimum rate occurs 60º after the theta trough. 411
Quantification of the phase preference of aWK+ and PS+ units, i.e., the phase with 412 the highest firing probability, shows that most RSC units fire after the peak of theta 413 (Fig 6D) . Phase preference of the ACA units is highly variable in comparison to RSC 414 ones ( Fig. 6D ; phase variance: 26.9° for RSC and 50.5° for ACA during PS). the 415 modulation index significantly increased specifically during PS for the PS+ units of 416 the RSC, (p=0.02; paired t-test) but not for those in ACA (p=0.65; paired t-test) (Fig.  417   6C) . In the present report, we studied the neuronal activity in HPC, RSC and ACA during 422 the sleep-wake cycle. We showed that theta power was higher during PS than during 423 aWK both in HPC and RSC but not in ACA. Further, cross-correlations analysis 424 revealed a strong synchronization in theta specifically during PS between HPC and 425 RSC. In addition, specific cross-frequency coupling occurs between hippocampal 426 theta phase and gamma during PS in HPC and RSC but not in ACA. Besides, 68% 427 and 43% of the units recorded in RSC and ACA show a higher firing rate during PS 428 compared to all other states including aWK, respectively. Finally, we report that RSC 429 but not ACA units discharge after the peak of HPC theta. Altogether, these results 430
indicate that most RSC neurons show a highly selective activation during PS linked 431 with hippocampal theta oscillation. Below, we discuss our results with regards to 432 previous findings before proposing a functional role of RSC neuronal activation 433 occurring during PS. 434
Our study constitutes the first report on the activity of the ACA and RSC neurons 435 during the sleep-waking cycle. There is only one previous report showing an increase 436 in theta power in the RSC during PS compared to SWS (Funk et al., 2016) . the presence of theta in the RSC during PS with a power similar to that seen in HPC 447 and the non-zero cross-correlation lag suggest that it might be generated locally 448 (Lachaux et al., 1999) . Further, phase locking of units within the RSC suggest that 449 theta oscillation is locally expressed rather than being just volume conducted from 450 the hippocampus. One possibility is that theta recorded in the HPC and the RSC is 451 driven by a common subcortical source. This is very likely since it has been recently 452 shown that medial septum GABAergic neurons generating theta during PS (Borhegyi 453 neurons exhibits head-direction tuning preferences (Cho and Sharp, 2001 ) and map 513 the conjunction of internal and external spaces (Alexander and Nitz, 2015) . In view of 514 all these and our results, the activation of RSC neurons during PS and their phase 515 locked activity to theta oscillation could be involved in contextual memory 516 consolidation. Supporting such hypothesis, LTP and LTD, classical 517 electrophysiological correlates of memory, are preferentially elicited by stimulation 518 during the peak and the trough of an ongoing theta oscillation, respectively (Hyman 519 et al., 2003) . Moreover, optogenetic inhibition during PS of GABAergic neurons in the 520 medial septum projecting to the HPC and RSC, strongly decreased theta power and 521 induced contextual memory impairment (Boyce et al., 2016) . To confirm such a 522 hypothesis, it is now necessary to determine whether RSC neurons are activated 523 both during learning tasks and subsequent PS episodes. It remains also to be shown 524 that their inactivation specifically during PS impairs learning consolidation. Finally, to 525 the extent that the vividness of oneiric images implies the existence of neocortical 526 neurons highly active during PS, dreaming is another phenomenon possibly related 527 to the activity of RSC PS+ neurons. 528
In summary, our results indicate that a substantial number of ACA and the majority of 529 RSC neurons are strongly and specifically activated during PS and tightly linked to 530 theta rhythm. Such activation may play a significant role in the consolidation of 531 spatial and emotional memories and in the generation of dreams. Additional 532 experiments are needed in order to test these hypotheses. 533 534 Data represent mean ± standard error of the mean (SEM). 537 538 
p<0.05, non-parametric paired t-test. (H) 597
Relationship between individual unit firing rates during PS (x-axis), and aWK (y-axis, 598 top) or SWS (y-axis, bottom) in the RSC (left) and ACA (right). Units below the line 599 are more active during PS than aWK or SWS (see Table 2 for further statistical 600 comparisons). 
